The Pseudomonas aeruginosa siderophore pyoverdin was unable to acquire iron from human transferrin or lactoferrin at physiological pH. However, in the presence of P. aeruginosa elastase, rapid iron release and pyoverdin iron uptake from transferrin but not from lactoferrin were detected. Neither P. aeruginosa alkaline protease nor elastase from polymorphonuclear leukocytes revealed this effect.
Iron-loaded human transferrin and lactoferrin (0.2 bound Fe per mol) (Sigma Chemical Co., St. Louis, Mo.) were incubated with iron-free pyoverdin (12, 26) with or without AP or Ela (Nagase, Kyoto, Japan) or PMN-derived elastase (15) in sterile 0.1 M phosphate-buffered saline (pH 7.4). The purity of the proteins was demonstrated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (17) . The following enzymatic activities were measured: AP (0.93 U/mg), Ela (32.4 U/mg) (22) , and PMN-derived elastase (202 U/mg) (15) . A 300-pAl quantity of either transferrin (6 mg/ml) or lactoferrin (6 mg/ml) was incubated with 300 p1 of pyoverdin (0.18 mg/ml) and 300 pul of phosphate-buffered saline, AP (3 mg/ml), Ela (3 mg/ml), and PMN-derived elastase (1.5 mg/ml) for up to 50 h at 40°C in sealed quartz cells. The A460s
Were recorded on a spectrophotometer (model HP 8452 A), connected to an HP Vectra computer and equipped with the HP 89530 A MS-DOS/UV-VIS operating software (Hewlett Packard, Boblingen, Federal Republic of Germany).
The incubation of iron-loaded transferrin with pyoverdin resulted in a gradually increasing A460 ( (Table 1) . In another experiment, the various reaction mixtures were incubated for 10 h at 40°C and then, centrifuged and ultrafiltrated (4,000 rpm, 25 min, 4°C) with microconcentrators (Centricon; cutoff, 10,000; Amicon, Witten, Federal Republic of Germany) to separate pyoverdin from transferrin. The absorption spectra from 350 to 600 nm were measured before and after dialysis. Iron-free pyoverdin exhibited no distinct maxima at 460 and 540 nm (Fig. 1A) , in contrast to ironloaded pyoverdin (Fig. 1B) . Only the transferrin-pyoverdinEla dialysate revealed the characteristic iron-pyoverdin absorption spectrum (Fig. 1C) , closely approximating the value of the iron-loaded pyoverdin control at 460 nm (Table 1) . Neither AP nor PMN-derived elastase but only the bacterial Ela was able to mobilize iron from transferrin with pyoverdin at neutral pH (Table 1) . Also, pyoverdin alone was ineffective in sequestering iron from transferrin. Similarly, neither pyoverdin alone nor pyoverdin with any of the three proteases scavenged iron from lactoferrin. (The amount of iron bound to lactoferrin in the assays was sufficient for iron saturation of pyoverdin.) The determination of iron (iron kit; American Monitor Co., Indianapolis, Ind.; apparatus, Parallel) in the dialysates of transferrin with the three proteases revealed significantly elevated values only in the presence of Ela, demonstrating that Ela actually releases iron from transferrin. This result was also achieved at 37°C.
To determine whether the iron-binding proteins are proteolytically cleaved, transferrin and lactoferrin were each incubated for 10 h at 40°C with AP, Ela, and PMN-derived elastase, yielding protein/protease ratios of 1:1, 1:1, and 1:0.5 (wt/wt), respectively. The reactions were stopped by adding a molar surplus of EDTA to AP and Ela and phenylmethylsulfonyl fluoride to PMN-derived elastase. Portions of the reaction mixtures were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels revealed that the bacterial proteases cleaved transferrin and lactoferrin and PMN-derived elastase cleaved transferrin. No fragments between 75,000 and 14,000 daltons were detected in the reaction of transferrin with Ela. In the reactions of AP or PMN-derived elastase with transferrin and AP or Ela with lactoferrin, major fragments in the range of 55,000 to 43,000 daltons were seen. Previously, transferrin and lactoferrin were cleaved by trypsin or pepsin (5), resulting in fragments of approximately half the molecular masses of native transferrin (43,000 [14] ) and lactoferrin (40,000 [7] ), which each possessed one iron-binding site. The unique structure of the transferrins explains why although fragmentation with AP or PMN-derived elastase occurred in the present study, iron was not released from the fragments.
Comparison of transferrin and lactoferrin shows that lactoferrin is much more stable against proteolytic attack. This ability parallels the known stronger iron binding of lactoferrin at acidic pH (1, 18, 21, 24) .
To investigate whether pyoverdin is cleaved by the different proteases, pyoverdin-iron(III) complex (1 mg/ml) and iron-free pyoverdin (1 mg/ml) were incubated with AP (0.5 mg/ml), Ela (0.5 mg/ml), or PMN-derived elastase (4 mg/ml) for 1 h at 37°C. Portions of the reaction mixtures were subjected to analytical thin-layer chromatography on silica gels or cellulose acetate (solvent, butanol-acetic acid-water [60:20:20 by volume]). The gels were visualized with UV light and developed with ninhydrin and FeCl3. No cleavage products of the peptide chain and the chromophore were seen. On the other hand, no significant loss of proteolytic activities of the three proteases was noticed when portions of the reaction mixtures were subjected to the azocasein assay and the Ala-Ala-Pro-Val assay.
The present study may provide a plausible explanation for previous results, showing that Ela synthesis is regulated by iron (6) . With regard to P. aeruginosa infections (23) , the susceptibility of transferrin and the resistance of lactoferrin to proteolytic attack of P. aeruginosa Ela suggest the following. (i) Ela-positive P. aeruginosa strains should be more virulent than Ela-negative strains in generalized infections, e.g., burns (16) , in which transferrin is the major iron-binding protein.
(ii) Iron acquisition by P. aeruginosa might be aggravated in localized infections, e.g., chronic P. aeruginosa lung infections in patients with cystic fibrosis, in which lactoferrin represents the major iron-binding protein. Indeed, P. aeruginosa was shown to grow in the lungs of cystic fibrosis patients under iron-restricted conditions (9) , and iron deprivation is an important pressure for the selection and maintenance of mucoid P. aeruginosa (8) , the typical mutant of this organism in cystic fibrosis patients.
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